It is well-established that important information about the dissolution and growth of crystals can be obtained by the investigation of step movement on single crystal faces via in-situ AFM.
INTRODUCTION
The measurement and interpretation of mineral (or, more generally, crystal) dissolution and growth kinetics is important in many areas of chemistry, as well as in the allied fields of geochemistry and materials science. 1, 2 Such processes generally involve mass transport coupled to interfacial processes, and the reliable elucidation of dissolution and growth kinetics requires a clear demarcation of mass transport, on the one hand, and surface (interfacial) kinetic components, on the other. [3] [4] [5] Moreover, studies are most informative when the focus is welldefined (single crystal) surfaces. 3, 4 Increasing attention focuses on local dissolution behavior, using high-resolution techniques such as atomic force microscopy (AFM). [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In these studies, the dissolution process is investigated through the evolution of the crystal surface morphology at a microscopic/molecular level, and kinetics are often deduced from the analysis of the surface retreat. 7, 11, 15, 16, 18 In many cases, the main mode of dissolution is by step motion, and the step position is tracked over time to determine step velocities, from which dissolution kinetics have been determined. 19, 20 In-situ AFM has been particularly lauded for its capacity to capture high resolution images of dynamic processes on surfaces at the nanoscale/microscale. 8, [10] [11] [12] [13] [14] [21] [22] [23] [24] [25] On the other hand, it is also recognized that this technique is typically limited to slow processes or to reactions that are only accessible at low driving force (close to equilibrium conditions) because changes in the surface topography must be slower than the image acquisition rate. 19 An exception is integrated electrochemical (IE)-AFM, 6, 26 or equivalently combined scanning electrochemical microscopy (SECM)-AFM, which allow the solution conditions to be changed rapidly and significantly, while changes in the substrate are mapped as the process comes back to equilibrium. [27] [28] [29] Such studies are relatively rare.
Most contemporary investigations have coupled AFM to a fluid cell to: (i) replenish bulk media, so as to counteract the accumulation of dissolution products; and (ii) supposedly render complications due to mass-transport negligible, by flowing solution at rates sufficiently high for observed step velocities to remain constant with increasing flow rate. 9, 19, 20, [30] [31] [32] [33] [34] [35] [36] [37] The attainment of this condition is taken to be diagnostic of a surface-controlled reaction. However, the hydrodynamic behavior in such fluid cells is known to be complicated, 38 and an alternative interpretation could be that although convection rates change, mass transport in the region of the AFM measurement (which depends on convection and diffusion) is largely unaffected. This would naturally lead to a misinterpretation of the kinetic regime, and is one of the issues that we explore in this paper.
There are other examples where there is a significant mismatch in nanoscale/microscale kinetic measurements, determined via AFM, and macroscopic kinetics. 20, [35] [36] [37] Moreover, and perhaps of greater concern, is that for some crystal materials (vide infra), AFM dissolution studies conducted under apparently similar experimental conditions (undersaturation, flow rates, etc.) yield widely divergent values for step velocities and, consequently, the reaction rates that are extracted. The reasons for these significant discrepancies have not yet been sufficiently well explained and so, in this paper, we address key issues for in-situ AFM by critically analyzing local dissolution data for a ubiquitous mineral aqueous system, namely gypsum (CaSO4·2H2O).
Significantly, we identify some common misconceptions that have arisen in the in-situ AFM dissolution (growth) literature and identify the likely origin of discrepancies between dissolution studies conducted under similar conditions.
Gypsum is a common sedimentary mineral, of major interest in geochemistry 39 and with applications in the construction industry. 40 Traditional studies on gypsum dissolution kinetics have been summarized 41 in a review that sought to rationalize and explain the impact of different experimental set ups, especially mass-transport conditions, on measured macroscopic dissolution
rates. Yet, there is not yet a general consensus from local studies. For example, several works [42] [43] [44] [45] have reported step velocity values for dissolution from steps with the same orientation on the basal (010) plane of gypsum, which vary by a factor of ≈ 10, for apparently similar experimental conditions. Furthermore, as we highlight herein, local dissolution rates do not match macroscopic dissolution rates; local rates are typically lower by one to two orders of magnitude (vide infra).
We note that the importance of mass transport in AFM fluid cells for the case of arrays of microcrystals was treated in detail via a finite element method analysis, for the particular case of calcium oxalate monohydrate (COM) crystal growth. 38 For this system, the AFM wafer, cantilever and tip were shown to block diffusion to microcrystals in their vicinity under typical flow conditions, but because COM is characterized by slow interfacial kinetics, tip perturbations were rather small. It was, however, pointed out that inorganic materials with faster interfacial growth kinetics could be impacted more significantly. This paper considers such a case of faster (dissolution) kinetics, but also a configuration with much larger crystals which are studied most widely by in-situ AFM. 12, 15, 18, 19, 31, 35, 45, 46 We show that both aspects -faster kinetics and larger crystals-significantly complicate local mass transport and interfacial fluxes, with significant implications for the quantitative analysis of AFM dissolution (and, by extension, crystal growth) data.
EXPERIMENTAL
To inform the modeling that follows, we carried out crystal etching studies were designed to mimic the experimental conditions used in prior work considered herein, and to identify the types of features and step density which are produced. Gypsum was obtained as natural optically clear selenite (St-Gobain Gyproc). Fresh surfaces were prepared by careful cleavage along the (010) plane with a sharp scalpel. These were treated with a strong short burst of N2 gas (BOC) to yield pristine flat surfaces devoid of large macrosteps and adhered micro-fragments. Using 
(vide infra).
Gentle stirring was applied using a magnetic flea. Experiments were run for ≈ 60 min, after which the samples were immediately dried under N2 gas, and surfaces analyzed via optical differential interference contrast (DIC) microscopy (Leica DM 4000M).
THEORY AND MODELING
Numerical simulations were performed on a Dell Intel i7 3.40 GHz computer equipped with 32 GB RAM running Windows 7 Enterprise 64 bit edition. All simulations were performed using the commercial finite element modeling package COMSOL Multiphysics 4.3a (COMSOL AB, Sweden). 2-D and 3-D simulations were performed using triangular and tetrahedral mesh elements, respectively. For each geometry, the mesh density was optimized by decreasing the mesh size until no detectable difference was evident in the simulation results with finer mesh density. The mesh density was highest close to sharp edges and at the boundaries where flux conditions were applied, leading to (steep) concentration gradients.
Mass transport-kinetic models for the dissolution of a crystal surface by step retreat were developed. This enabled step velocities to be predicted for a range of intrinsic dissolution rates applied at the crystal surface, with the possibility of mass transport (diffusion) limitation between the crystal surface and solution. Figure 1a , b shows a cartoon of the model geometries (not to scale), where letter labels define particular boundaries, whose size is reported in Table 1 , and the numbers are used to define the boundary conditions applied (vide infra).
In Figure 1a , we consider the simplest uniform step (US) model, in which an array of steps from which dissolution occurs, is evenly distributed with a constant periodicity across an essentially infinite substrate. This was created using a domain representing a repeat unit of a single step on a planar surface, where Asd defines the step density. This was varied in the simulations so that a range of step densities were considered. Hb defines the thickness of the concentration boundary layer (CBL), which is controlled by the hydrodynamic regime, such that bulk composition prevails at boundary 2, and Hstep is the step height. A second 2-D model, which we term the outer flux (OF) model, Figure 1b (not to scale), describes a more realistic situation in which there is a region of interest (ROI) with uniform step distribution, surrounded by an outer area of different activity (Aa). The ROI defines the portion of the crystal surface that would be targeted by the in-situ AFM, while the area beyond this may have different activity. To ensure that we do not over-emphasize the impact of this area we have inserted an inactive buffer area (Ai) between the two. This serves to reduce the impact of the outer active area and so our results should be seen as conservative in terms of the influence of reactions outside the ROI on the ROI itself. Based on surface topography data presented later, these are reasonable 2D diffusion models. We ignore the tip, which might be expected to further impact mass transport, 38, 47 and so are presenting the case of the maximum mass transport rates possible. Our results thus represent a lower bound to the influence that mass transport will have on surface kinetics.
The domain of a further model, which simulates an AFM fluid cell, is shown in Figure 1c , d, using the geometry based on the MTFML AFM fluid cell (Bruker). This 3D model investigates the influence of convection and the impact of the AFM tip/holder and general cell geometry on mass transport in a square ROI for a setup in which the bottom wall of the AFM fluid is formed by the crystal surface under investigation, as in a number of studies. 12, 15, 18, 19, 31, 35, 44, 45 The surface concentration at the ROI is simulated at different flow rates and for different bulk concentrations. Dissolution of an ionic crystal is a stoichiometric reaction to satisfy the assumption of an electro-neutral solution and to maintain a constant charge at the crystal surface; as such, for illustrative purposes we reduce the mass transport model to the simulation of a single species.
Calcium and sulfate ions (and the ion pair) can reasonably be considered to have similar diffusion coefficients (D) and it was appropriate to use the average, D = 0.9 ×10 -9 m 2 s -1 .
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Seeking to identify general trends that could be applied to related systems, the model deliberately ignored speciation and ion pairing effects, which would not be expected to impact significantly. 49 The solubility (C sat ) of gypsum, as the total amount of calcium/sulfate dissolved at equilibrium, was calculated to be 16.2 mM in pure H2O using the numerical code MINEQL+ (Environmental Research Software, version 4.5), 50 in agreement with experimental measurements. The boundary condition applied to the numerical models, as defined in Figure 1 , are as follows: the vertical external walls of the diffusion cell, the 'inactive' parts of the basal crystal surface and the AFM fluid cell walls, i.e. all boundaries numbered 1 in each of the parts in Figure 1 , are inert and a zero normal flux boundary condition was applied (1) where n is inward pointing unit vector normal to the boundary and C is the concentration of the calcium and sulfate ions.
Due to forced convection in AFM fluid cells, we can reasonably consider a well-defined CBL 51 for the US and OF models. The top boundary (numbered 2) thus defines a limit beyond which the solution can reasonably be considered to attain the bulk condition:
where Cb is the bulk concentration of the calcium and sulfate ions. Boundaries 3 and 3* define steps on the surface and the uniformly active outer surface region (Aa), respectively. A flux condition was applied on these boundaries (3) where J is the inward normal flux of dissolving species. Dissolution of gypsum under highly undersaturated conditions is often described by a first-order reaction 52, 53 and the normal flux magnitude at these surfaces is consequently reasonably defined by:
where k i is a surface rate constant, with units of m s -1 . For boundary 3 we use the terminology i = intr, and the rate constant (kstep intr ) is the intrinsic dissolution rate constant at the step. For boundary 3* we use the terminology i = app and the rate constant (k app ) defines a rate coefficient for an apparent rate law applied to the active areas, using the approximation of a uniformly active surface. This is reasonable, as the idea of this zone is to represent the general kinetic characteristic of the crystal dissolution process, and in this area the CBL is orders of magnitude larger than any surface heterogeneity. Obviously, our model could be developed to be applied to many kinetic situations, but a first-order process is perfectly adequate for illustrative purposes.
The velocity of a step, ustep, can be calculated from the magnitude of the inward flux normal to a step (J): (5) where MV is the molar volume of gypsum. 54 For both the US and OF models, the velocity of the steps was calculated from the simulation results as the average of the normal flux at the steps (boundary 3). Note that for the OF model, where the active area outside the ROI typically has a higher flux, there is a decrease of the normal flux at steps towards the edge of the ROI, but, to a first approximation, the velocity is calculated from the average of the normal flux at all steps in the ROI.
For the US and OF models, the mass transport of material in the domains of interest is described by a steady-state diffusion equation:
Furthermore, we apply a static model, by reasonably assuming a relatively low step velocity with respect the characteristic diffusion time, tdiff = lp 2 / D, where lp is the characteristic length of interest, which -in this case -is the height of the step investigated (Hstep). This assumption is easily satisfied for all cases investigated. Moreover, for closely spaced steps, and relatively high fluxes (typical of the gypsum system), there is diffusional overlap of dissolved material from individual steps, after a short distance from the surface (vide infra), so that the whole surface may be considered to behave as an essentially uniformly active surface in the areas Asd (US model), ROI (OF model) and the overall crystal surface in the AFM fluid cell model (vide infra).
This, of course, is a further justification for applying a uniform flux to boundary 3* when investigating the impact, on the ROI, of processes that occur outside this area for the OF model and the fluid cell simulations.
For the AFM fluid cell model (Figure 1c ), steady-state convective-diffusion mass transport applies, as described by:
where v (with components v1, v2 and v3, in the x, y and z directions, respectively) is the velocity vector solved using incompressible Navier-Stokes equations for momentum balance (eq 8) and continuity (eq 9)
where ρ is the density of the solution (1.00 g cm -3 was used, as for pure water), η is the dynamic viscosity, assumed to be 1.00 mPa s 55 and p is the pressure.
For the calculation of fluid flow, the following boundary condition was applied on boundaries 1 and 3
Boundary 4 is an inlet tube, where it is reasonable to apply a flux defined by fully developed laminar flow, with flow rate, Vf, down a tube of radius, r0, with r the radial co-ordinate with respect to the tube axis:
For boundary 5:
The boundary conditions applied to solve convective-diffusion mass transport in the AFM cell are as follow. For boundaries 1 and 3*, eq 1 and eq 3 apply, respectively. Boundary 4 is defined by eq 2 and at boundary 5 it is reasonable to apply an outflow in which convection is the dominant mode of mass transport:
RESULTS AND DISCUSION

Mass transport and kinetics: Analysis of AFM and macroscale measurements
We begin with an overview of previous kinetic measurements, to provide a rationale for the analysis that follows. The plot in Figure 2 summarizes the step velocities ([100]-oriented and
[001]-oriented steps) at different undersaturation conditions deduced for a number of in-situ AFM gypsum dissolution studies of the (010) basal surface. 43 and is just as abundant on the surface and so contributes overwhelmingly to the dissolution flux. The gross dissolution rates calculated over the geometric surface (Gsurf) were thus estimated from: (solid circles) oriented steps. Data are from the literature, with the following references: red, 44 blue, 43 green 45 and black. 32 The data in Figure 2 and Table 2 clearly demonstrate how the step displacement velocities measured via in-situ AFM experiments, for dissolution studies under similar experimental conditions (saturation level), typically span at least an order of magnitude. Moreover, there is no sensible relationship of the step velocity (dissolution kinetics) with saturation level (Figure 2 ). This is even true within individual studies. For example, It was found that [100]-oriented steps had a constant velocity ≈ 7 nm s -1 for a wide range of saturation ( Ω = C sat /C = 0.3 -0.9), 30 which is not consistent with basic kinetic laws in which higher driving force (low saturation) would expected to correspond to a faster dissolution rate (faster step velocity). It has been proposed that heterogeneity of flux (local dissolution rate) at different areas of a crystal surface would impact AFM dissolution studies, 19 but there was no further analysis. A decrease of observed step velocity in areas of the surface with higher step density was also noticed in some studies. 20 As we demonstrate herein, this observation clearly indicates a strong influence of mass transport on the step velocity (see results of the US model below). A further study reported a decrease of step velocity in regions of the surface close to (active) etch pits, 43 but did not rationalize this observation. Again, this is clear sign of the significant influence of a neighboring reactive flux on the movement of steps in a ROI, as we show herein for the OF model. One of the most notable features of Table 2 is that the dissolution rates extrapolated from step velocities, from in-situ AFM experiments, are always much smaller than fluxes from macroscopic dissolution experiments by several orders of magnitude (vide infra). A similar situation has been found in other systems, such as calcite dissolution, where the local dissolution rate calculated from step velocity is much lower than gross dissolution rates, even when measured in the same setup. 35, 37 The analysis that we develop herein serves to rationalize and explain this behavior.
The macroscopic dissolution of gypsum is reported to be mass transport controlled or under mixed-kinetic control depending on the forced convection set-up used and mass transport rates generated. 41 Although forced convection provides access to higher transport rates, a number of studies using the rotating disk (RD) 56, 57 and high flow rate channel flow cell (CFC) 49 41 This is at least two orders of magnitude higher than the rates extracted from step velocity measurements via in-situ AFM (Table 2 ). This is a significant difference given that the surfaces in the macroscopic studies and AFM measurements are the same and the rates deduced from AFM and macroscale measurements can supposedly be compared free from mass transport effects. Interestingly, etch pit studies from our group have confirmed the intrinsic kinetic constant for the recession of the (010) surface during dissolution, but have measured step velocities, free from mass transport limitations, which are several orders of magnitude larger than deduced by AFM. 58 The question thus arises as to whether the AFM measurements are simply not representative of the major processes or whether there are more significant limitations?
Under purely mass transport control, or mixed-kinetic conditions (i.e. limitations from mass transport and surface kinetics), a CBL is formed, where the concentration at the surface differs from the bulk concentration (Csurf > Cb), so that to obtain intrinsic dissolution kinetics Csurf must to be known. The hydrodynamics of an AFM fluid cell, for the situation in which the bottom surface of the AFM cell is the dissolving crystal surface, can reasonably be approximated by an open channel cell (OCC). 33 The solution sweeping over the dissolving surface accumulates material, leading to an increase of the CBL thickness along the direction of the flow stream lines.
The CBL thickness is function of the geometry of the cell and the flow rate and it can be as large as 1 -3 mm. 33 Hydrodynamic modeling in this paper indicates a value of 200 µm (vide infra) for an AFM fluid cell of a volume of ≈ 100 µl and flow rate (Vf) of 100 µl s -1 . This flow rate is high for such a cell and thus represents the practical upper limit on the mass transport rates that can be generated. 38 The comparison between the transport rate constant k t = D / δ = 4.5 ×10 -6 m s -1 for δ = 200 µm (the maximum mass-transport rate possible) and the experimental value of ksurf intr = 6 ± 1.5 ×10 -6 m s -1 41 clearly shows that mass transport can never be neglected in such a cell./In fact, that there will always be strong mass transport effects for AFM dissolution studies of gypsum, especially as the tip would further inhibit local mass transport 38 (decreasing k t ).
It is also important to point out that one should not confuse the cell solution residence time or "washout time" with interfacial mass transport rates. For example, for a flow rate of 100 µl s -1 , the washout time for the AFM fluid cell described above is rather quick at 1 s. This is enough to avoid significant accumulation of material within the cell, but not to prevent the formation of an extensive CBL.
Surface topography pertaining to AFM studies
In-situ AFM studies of crystal dissolution commonly require some time to optimize the conditions for high quality imaging, and the actual experiments could typically take a few hours in practice. During this time, the crystal is in contact with the etching medium and the surface undergoes the dissolution process. Crystal dissolution on a macroscopic cleaved crystal surface is often initiated by the nucleation of pits at active sites, i.e. point/line defects and dislocations. 59, 60 Further dissolution of pits, and the spreading of steps originating at pits or defects leads to a surface with an activity and morphology that evolves continuously, but is spatially heterogeneous, 61 depending on the length scale, as depicted in Figure 3a, 
Uniform step (US) model
The US model ( Figure 1a ) considers a uniform step density to be entirely representative of the whole surface. For specified dissolution kinetics, the model elucidates the influence of the step density on the step velocity and enables the calculation of the gross dissolution rate (Gsurf) for a range of step density comparable to that seen in previous AFM measurements. 43, [54] [55] [56] We considered values of kstep intr = 1 ×10 -6 -5 ×10 -4 m s -1 as the step surface boundary condition, which covered a wide range of interest. 58 As discussed above, the hydrodynamics of an AFM fluid cell can be approximated to an OCC for which a value of Hb = 200 µm is typical. Figure 4a Although, there is a higher gross dissolution rate with the higher step density, it is also important to point out that the step velocity decreases significantly with increasing step density for any kstep intr ,
as shown in the 3-D plot in Figure 4c , which gives the step velocity as function of kstep intr and step density. This highlights the important effect of step edge density on step movement for a defined step kinetic rate law. , which is an order of magnitude lower than batch experiments. 41 This is true even for step velocities as high as 500 nm
, which is orders of magnitude higher than measured by AFM (Figure 2 ).
Significantly, for experimentally measured step velocities reported in Table 2 that are < 30 nm s -1 , the gross dissolution rate that results is < 4 ×10 -7 mol m -2 s -1 for dstep < 5 µm -1 , a dissolution rate that is at least 2 order of magnitude lower than found from macroscopic measurements.
Thus, the US model highlights some key points pertaining to AFM dissolution studies. To observe the gross dissolution rates that have been determined via macroscopic techniques, 41 requires a much higher step velocity and / or density than ever encountered in AFM investigations. Moreover, as reported in Figure 4d , under such conditions, mass transport limitations prevail for the gypsum system, 41 which prevents the determination of surface kinetics.
Outer flux (OF) model
The OF model reflects more faithfully the situation of heterogeneous step density, that is seen in the topography of dissolved crystal faces, such as in Figure 3 . The AFM scanned area (ROI) is represented by an area with well-defined and uniform step density, 1 to 4 µm -1 , typically in the range observed in AFM experiments, 32, 44, 45 surrounded by a high-density stepped zone (outer active area). As mentioned above, an additional inactive buffer area (varied in the range 1 -10 µm) was introduced between the two regions. The rationale for this model is that, when the crystal surface is in contact with an etching medium, the gross dissolution rate measured for the same type of surfaces with macroscopic techniques has to be preserved. This is taken into account in the OF model, where an apparent dissolution rate constant (k app ) is applied to the active area outside the ROI. The step density in this area is high enough so that, as reported for this situation in the US model, the surface can be considered uniformly active.
The characteristic CBL thickness, for the OCC, was again set at Hb = 200 µm. Figure 5 reports the Ca 2+ and SO4 2- Table 3 clearly highlight the danger of interpreting AFM ROI data without reference to processes outside, which modulate ROI steps velocities. 45 can be attributed to the low flow rate used (5 µl s -1 ) that leads to a mass transport controlled situation (on average), i.e. the step velocity in the ROI is low because the interfacial concentration is close to saturated levels (retarding dissolution). A similar scenario is likely to apply to other results 44 where the kinetics did not follow any expected rate law, i.e. the step velocity did not change with the bulk saturation.
Again, the low flow rate used (8 µl s -1 ) leads to an accumulation of material at the crystal surface so that changing Cb simply does not significantly affect the interfacial concentration and consequently the dissolution rate (within experimental error). These mass-transport aspects are considered in more detail in the next section. mM at the ROI. The plot in Figure 8c shows the change of the average concentration in the ROI with flow rate. It can be seen that over the range of interest there is a relatively high interfacial concentration, i.e. the reaction is always under mixed transport-surface kinetic control and can never be considered to be purely kinetically controlled (for which the interfacial concentration would be the same as in bulk, with no concentration gradient). Note that over the range of (high) flow rate, from 50 -100 µl s -1 , the interfacial concentration only changes slightly with flow rate (due to the hydrodynamics of the system), which would lead to a more or less constant dissolution rate (step velocity). Without knowledge of the hydrodynamics, one could then, naively, misinterpret data obtained in this situation (2 different flow rates) as being a purely surface-controlled situation, which would be the wrong analysis. This result highlights the danger of simply changing the flow rate until the step velocity remains constant and assuming the reaction must be controlled by surface kinetics as has commonly been done. In the low flow rate regime, the simulations further demonstrate that the overall reaction tends to a transport-controlled situation, with high interfacial concentrations (approaching saturated values) serving to greatly reduce the dissolution kinetics in the ROI simply due to dissolution processes that occur in the area outside this region.
AFM fluid cell hydrodynamic model
CONCLUSIONS
The work herein clearly shows that practical AFM fluid cells operating at the range of flow rates defined in the literature offer relatively low interfacial mass transport rates. This is the case even if the "washout time" is high enough to replenish the cell with fresh solution; the "washout" time constant says little about interfacial mass transport rates in such cells. Consequently, if experimental measurements with other techniques (which have higher mass transport rates) show mixed-kinetics for dissolution processes (i.e. with a significant mass transport contribution) one can readily expect that AFM fluid cells will show even more significant mass transport effects. This is the case for gypsum single crystal system considered herein: the hydrodynamics of an AFM fluid cell do not provide sufficiently high mass transport to obtain pure surface kinetic control of crystal dissolution.
A major finding of our study is that step velocities imaged in the AFM ROI are strongly influenced by reactive fluxes from active regions of the crystal outside the ROI. The models we have developed explain why gypsum dissolution rates extracted from AFM step velocities in the literature are orders of magnitude lower than the gross dissolution rates measured by macroscopic techniques. Importantly, we have been able to use our OF model, together with step velocities from etching studies (free from mass transport effects), to successfully predict AFM step velocities in the literature, clearly illustrating how these velocities and associated intrinsic dissolution kinetics are strongly influenced by neighboring dissolution fluxes in adjacent regions of a crystal surface. The issues considered in this paper for crystal dissolution are generally applicable to other dissolution and crystal growth systems and help to explain the 'kinetic gap' that has been evidenced in a number of such studies. 8, 35, 49, 63 The models developed herein have highlighted quantitatively a number of key issues for AFM dissolution studies. For uniformly distributed steps over a surface, the step velocities are the inverse of the step density in the diffusion-controlled limit, and consequently step densities should be reported as well as velocities. This would provide a check on the kinetic regime.
However, in general, the major impact of outer-flux processes on the ROI itself must be accounted for in the measurement of intrinsic rates.
The question then arises as how best to obtain intrinsic rates of crystal growth/dissolution from AFM. Our studies indicate that one needs to know in detail processes occurring outside the ROI and the simplest approach is to define conditions where the flux outside the AFM ROI is zero. A straightforward means of implementing this, as suggested by the results of this paper, our previous work, 58, [64] [65] [66] [67] and the work of other groups 32, 38, [43] [44] [45] is to investigate micro-crystals on an otherwise inert substrate, or single isolated etch pits on an otherwise inert surface. 58 As we have pointed out in recent studies, this type of configuration is further beneficial in that interfacial mass transport between the surface and bulk solution is extremely efficient, as is well known in electrochemistry with micro/nanoelectrode studies. [68] [69] [70] The resulting high transport rates allow investigation of extremely fast dissolution kinetics. 58, 66 If studies of larger crystals are mandatory, for practical reasons, then it is important that models are used which account for processes occurring across the entire crystal and not just in the ROI, and the work in this paper provides a roadmap for the analysis of such processes.
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